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Accepted 25 November 2015In this work, we simulated and experimentally assessed the possibility to detect, through electrical transduction,
hybridization of DNAmolecules onMOS-like devices, having different dielectrics: SiO2, Si3N4 and SiO2/Si3N4/SiO2
(ONO). The electrical characterization was performed after the various functionalization steps, consisting of
dielectric activation, silanization, DNA spotting and anchoring, and after the hybridization process, to test the
devices effectiveness as DNA recognition biosensors. The experimental results were used to validate device
simulations. The comparison shows the ability to determine a priori the DNA probe density needed tomaximize
the response. The results conﬁrm that the structures analyzed are sensitive to the immobilization of DNA and its
hybridization.
© 2015 Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
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In the last 20 years, there has been a wide interest to the develop-
ment of integrated and miniaturized biosensors fabricated with
industrial processes to allow mass production. To this purpose,
there is a growing interest in creating micro-biosensors fabricated on
Si-based technology. Such technology could provide several advan-
tages: small size and low weight, fast response, device's analytical
performance improvement and accuracy of the analysis, high reliability,
low energy consumption, possibility of automatic packaging, on-chip
integration of biosensors' arrays, and low-cost-mass production of
portable microanalysis systems [1].
For Si-basedmicro-biosensors the identiﬁcation of an efﬁcient trans-
duction mechanism plays an essential role. The most used transduction
mechanisms in biosensors are: optical (indirectmethod) [2] and electri-
cal (direct method) [3]. The ﬁrst is the most used method in DNA-chip
applications [4,5] and is fully accepted by the biomedical community.
It lays on the ability to detect a signal from a labeled target molecule
rather than from the molecule itself. It is generally characterized by
expensive and unwieldy lab equipment [4], therefore, in-situ measures
or portable/disposable detectors are not available up to now. Moreover,
image-processing analyses for automatic detection are required andpen access article under the CC BY-Nsoftware for post processing is needed. Also using a smaller device
and/or system [6], a labeling step before the detection is required.
Electrical transduction would provide several advantages in terms of
realization of simple, portable and inexpensive sensors [3]. It is based on
the monitoring of the surface modiﬁcations upon biomolecular reac-
tions. Therefore, it could provide a valid alternative to optical methods
for detecting DNA hybridization or similar molecular recognition events.
Several new approaches for the direct reading of label-free DNA have
been proposed in recent years [7,8]. Microelectronic devices could play
a key role in this area, thanks to the high repeatability and precision of
the response, their easy use and control, and their well-established tech-
nologies. One of the main advantages of this kind of devices is their abil-
ity to detect target molecules not labeled. In this way, they overcome
errors due to the link of enzymatic labels, occurring in some microarray
techniques [9] and strongly reduce the sample preparation.
Among the different devices proposed in literature, some use the
variation of redox reactions during hybridization as operation principle.
Other devices detect the variation of a capacitance in a double layer after
the hybridization [7]. Those based on the variation of the surface poten-
tial are the ion sensitive ﬁeld effect transistors (ISFET) [10]. They are
able to detect the intrinsic charge of a molecule absorbed on the sensor
surface. The ISFET working principle is the measure of a threshold
voltage (Vth), or drain current (Id), variation, due to the DNA charge
presence on the gate. ISFET biosensors would beneﬁt of the typicalC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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microelectronics production lines, thus allowing low costs and large-
scale production.
The technology used in this work is based on electrolyte–insulator–
semiconductor (EIS) biosensors. EIS vary their potential because of a de-
tection event at the insulator/electrolyte interface. For this structure, ca-
pacitance vs voltage (CV) measurements provide information on
the interface potential [11]. The chemical changes that take place at
this surface, such as the immobilization of biological molecules, or
hybridization of a molecule of single strand DNA (ss-DNA, probe) with
the complementary strand (target), will cause a potential variation,
measured as a shift of the CV curve. The shift sign and amplitude will
depend on the nature and coverage of material modiﬁcation.
The device capacitance is given by the series of three main
capacitors: i) the semiconductor/insulator (CS/I) given by the “inorgan-
ic” part of device; ii) the biological sensing molecule (our probe)
(Cprobe); and iii) the region spanning from the outer device surface
and the bulk of the solution (Cint). Cprobe includes the Stern layer
consisting of electrostatically bound water molecules between the
recognition and diffuse layers and, eventually, the recognized analyte
[12]. The total capacitance Ctot, is then:
1
Ctot
¼ 1
CS=I
þ 1
Cprobe
þ 1
Cint
: ð1Þ
The equation clearly states that the lowest capacitance dominates
the total capacitance. Therefore, for the device design the tradeoff
between the need to have a high insulating layer capacitance to lower
its contribution (high oxide thickness), and the need to have a high
sensitivity, hence a thin oxide, is important. The recognition event will
change Cprobe value. The capacitance variation can be quantiﬁed by
monitoring the voltage shift.
Aim of this work is to verify the possibility of using different MOS-
like devices as biosensors for the detection of the hybridization
processes of probe DNA, and to study their electrical response.
2. Materials and method
Three different dielectricswere thermally grown, on p-type epitaxial
Si wafers having a resistivity of the epi layer of ~2 Ω cm, a thickness of
7 μm, grown on CZ Si with a resistivity of ~2 mΩ cm to fabricate MOS-
like structures. The dielectrics were:
- silicon oxide, 85 nm thick;
- silicon nitride, 70 nm thick;
- a multilayer of SiO2/Si3N4/SiO2 having thickness of 10/20/10 nm
(~30 nm of equivalent thickness).
Each support underwent the various phases of probe immobiliza-
tion, consisting of: oxide cleaning and activation; silanization
using 3-glycidoxypropriltrimethoxysilane (GOPS); polymerization;
deposition and immobilization of biological molecules in localized
region of sample (anchoring of oligonucleotide-DNA); stabilization
of the surface through bovine serum albumin (BSA). The immobili-
zation process, optimized by STMicroelectronics, is fully described
in [12,13].
The DNA sequence used is the following: AGTGAGGGAGGAGATGGA
ACCATCT.
Electrical characterizationwas performed after each functionalization
step for all the dielectrics used. The samples were measured using a
Wentworth probe station and a capacitance meter (Agilent, model
E4980A), applying voltages ranging from−2 V to +8 V, with fre-
quencies in the range 100 Hz–1 MHz. A mini chamber was realized
on the sample surface by using a glass having a conductive layer of
indium tin oxide (ITO, Sigma-Aldrich with 8 ÷ 12 Ω/sq surface
resistivity) glued on the surface through a spacer with a hole of
4mmof diameter. A drop of Phosphate-buffered saline (PBS) solutionat 1 M concentration was deposited within the chamber before
sealing. An Al foil, inserted between the spacer and the ITO layer,
ensures the upper electric contact. The results, shown in the following
sections, refer to a sampling frequency of 5 kHz. Our results indicate
that at relatively low frequencies the solution used as upper electrode
does not affect the measurements. The solution presence does affect
the measurements for frequencies above 100 kHz in our conﬁgura-
tion. Higher frequencies may be used reducing the solution thickness.
3. Results and discussions
The immobilization protocol effects on the device active surface
were electrically characterized using the structure described in the
previous section. Fig. 1 shows the comparison of the CV curves acquired
for the sample Si/SiO2 after each immobilization step.
Fig. 1 clearly indicates that the device is sensitive to a charge
variation on its surface, as already observed in literature [14,15]. Indeed,
after the silanization process, a net positive charge is anchored to the
surface, as observed by the CV curve (blue dashed line), that exhibits a
shift of ~−0.60 V (left shift) with respect to the reference sample
(SiO2, red dotted curve). Furthermore, the negative charge introduced
by the ss-DNA used as a probe (anchoring phase, green solid line)
produces a positive shift with respect to the reference of ~+0.20 V.
The full shift measured with respect to the step before anchoring is of
~0.8 V.
The Cmin/Cox values are roughly the same, ~0.32 for each curve. The
ﬂat band voltage (Vfb) values vary according to the surface transforma-
tion process of the sample, showing the measurement technique
sensitivity to the potential variations on the surface. These results
indicate that the CV curves shift can be valid system to detect DNA
hybridization and can be used as transduction mechanism in biosen-
sors. Finally, the BSA processing time does not produce detectable
variations in the CV measurements.
Themeasurements reported in Fig. 2 provide other interesting infor-
mation. The BSA passivation of the surface, widely used in optical
biosensors to reduce the artifacts, does not produce signiﬁcant variation
in the electrical measurements. BSA, under the experimental condition
used (PBS pH 7.4) does not improve the electrical device sensitivity
between the anchoring and hybridization phases. Indeed, themeasured
shift between the curves of samples having only the probe anchored
(blue dotted line) and after hybridization (light blue solid line) without
BSA passivation of the surface is ΔV ~ 0.60 V, while between the curves
with BSA (green dashed line and magenta dash dotted line for probe
anchoring and hybridized samples, respectively) it is ΔV ~ 0.40 V.
If an effect can be evidenced, it is detrimental to the device
operation. In fact, the system is less sensitive and, if the standard
deviation is considered (dot-dashed lines in Fig. 3), the two curves
obtained by probe anchoring and perfect match hybridization almost
overlap. The results show that in these conditions there is not enough
conﬁdence to detect DNA hybridization.
Therefore, for ourMOS-like systems,we focused on sampleswithout
BSA passivation. Fig. 4 shows the Si/SiO2 samples already described in
Fig. 2 including their standard deviations (dot-dashed green lines).
The shift of ~0.60 V after hybridization is clearly wider than the errors;
hence, it is a good measure the detection of DNA hybridization.
When the voltage variation is applied to the gate of aMOSFET biased
under threshold, an increased drain current up to three orders of
magnitude is achieved.
3.1. MOS-like simulation
We developed a 2D simulation of our devices using the commercial
software Sentaurus®. Through Sentaurus, we simulated the device
functionalization (ssDNA anchoring) and perfect match hybridization
by varying the charge density at the interface of the oxide and the
“metallization” of our MOS-like device. To simplify the simulation we
Fig. 1. CV curves of samples having SiO2 as dielectric, acquired at a frequency of 5 kHz, for the processing steps of: oxide activation (red dotted line), silanization (blue dashed line), an-
choring (green solid line) and anchoring +15 h BSA deposition (light blue diamond line).
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the CV curves obtained by simulation as a function of the electron
density at the interface. The curves are relative to three different
electron densities: 0 (reference sample), 2 × 1012 e−/cm2, and
4 × 1012 e−/cm2. The charge densities correspond, respectively, toFig. 2. CV curves of samples that underwent ssDNA anchoring with (green dotted line) and w
(dash-dotted magenta and light blue dashed lines, respectively).2 × 1011 single strands of DNA having 20 bases and 2 × 1011 double
strands of DNA having 40 bases each. The estimation was carried out
without considering the solution effects on the total charge. For a charge
change of 2 × 1012 e−/cm2, the CV shifts of ~0.60 V. The simulation data
perfectly match the experimental results, if we assume that theithout (blue solid line) BSA passivation and of the same samples after DNA hybridization
Fig. 3. CV curves of samples that underwent ssDNA anchoring (blue solid line) and perfect match hybridization (red dashed line) with BSA passivation. The dot-dashed lines are the stan-
dard deviations of the curves.
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2 × 1012 e−/cm2. These results allows us to make an a priori estimate
of the charge density per unit area, hence to determine the probe den-
sity, that our device should have to provide a CV shift N0.5 V between
the ssDNA sample and perfect match hybridization.Fig. 4. CV curves of samples that underwent ssDNA anchoring (blue solid line) and perfect ma
standard deviations of the curves.Under the same assumptions, a 100-mer oligonucleotide will intro-
duce a charge 4 times higher than a 25-mer molecule. It is reasonable
to assume that the device sensitivity will increase of a factor 4. For
a 400-mer oligonucleotide, the sensitivity will increase by a factor
16. In terms of oligonucleotide density, the same results simulatedtch hybridization (red dashed line) without BSA passivation. The dot-dashed lines are the
Fig. 5. CV curves simulated with Sentaurus®, for a MOS-like device without charge (blue
line), and for an electron densities of 1 × 1012 e−/cm2 (red line), 2 × 1012 e−/cm2 (yellow
line) and 4 × 1012 e−/cm2 (violet line).
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oligonucleotides/cm2, for 100 and 400 mer oligonucleotides,
respectively.
3.2. Comparison among MOS-like diodes having different dielectrics
Finally, we investigated the possibility to use different dielectrics,
compatible with microelectronic processing, to fabricate DNA biosen-
sors. In particular, Si3N4 and oxide/nitride/oxide (ONO) surfaces were
investigated. Fig. 6 reports an example of the results obtained forFig. 6. CV curves for ssDNA probe anchoring (blue solid line) and perfssDNA probe anchoring (blue solid line) and perfect match hybridiza-
tion (red dashed line) on the Si/Si3N4 sample.
The nitride on Si sample exhibits the Vfb at −5 V. It is due to the
positively charged defects lying in the nitride layer, which shift the CV
curves towards negative values. The DNA immobilization will cause
the shift already observed towards values that are more positive.
The shift of the two curves is lower than the one observed in Si/SiO2
samples (see Fig. 4). It is probably due to the presence of defects within
the dielectric that may shield the DNA charge effect. The defects in the
voltage range applied to the samples (−10 V; −2 V) may capture
electric charges causing a modiﬁcation of the bare material properties
that can shield the “external” modiﬁcations due to the DNA charge
presence. Indeed, the same sample can provide different CV curves,
depending on the voltage range used and on the biasing times.
A similar phenomenon was observed also in ONO samples, due to
defects present in the nitride layer. Nevertheless, is this dielectric the
defect presence is strongly reduced, being conﬁned to 200 nm of nitride
layer, and the interface defects is strongly suppressed by the presence of
a silicon oxide layer at the interface with the bulk Si. Fig. 7 reports an
example of hybridization data on these samples; in fact, the probe
anchored sample before and after hybridization are compared.
Also in this case a positive shift of ~0.40 V of the CV curve after
hybridization is observed. Unfortunately, the shift is barely above the
errors measured for these samples, similarly to the case already report-
ed in Fig. 3. On the other hand, the ONO samples present an interesting
characteristic thatmaymake them interesting.Weveriﬁed thepresence
of a “memory” effect in our samples, as already observed onONOdielec-
trics [16]. By applying a positive bias voltage, the curve shifts towards
positive values. In particular, by ﬁlling all the traps in the ONO layer it
would be possible to eliminate the defect shielding of the DNA hybridi-
zation, already observed in nitride MOS-like samples. Therefore, we
veriﬁed if the shift processwas reproducible and the results are summa-
rized in Fig. 8. We repeated these steps cyclically several times to check
if the CV curves shifts are reproducible and depend only on the applied
voltage. As shown in Fig. 8, the curves representing “programed” ONOect match hybridization (red dashed line) on the Si/Si3N4 sample.
Fig. 7. CV curves for ssDNA probe anchoring (blue solid line) and perfect match hybridization (red dashed line) on the Si/ONO sample.
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to the “erase” condition.
The results shown open interesting possibilities to the use of ONO
dielectrics in DNA chip applications.4. Conclusion
MOS-like sensors for the direct detection of DNA hybridization have
been investigated. We studied different dielectrics to detect DNA
hybridization in order to deﬁne the best in terms of response andFig. 8. CV curves of ONO samples as prepared (fresh, red diamonds) and after “program-
ming” (curves blue, light and black dashed fully overlapping) and “erasing” (curves
green dotted e magenta dashed and red diamond line) cycles.stability. By using SiO2 as dielectric, a shift of ~0.60 V was measured
after hybridization, well above the experimental errors. By simulating
our devices with the commercial software Sentaurus® we determined
that an electron density ~2 × 1012 e−/cm2 produces a shift comparable
with the experimental data. The simulation may help us to select, a
priori, the DNA probe density on the sensitive area of the device in
order to maximize the response.
The other dielectrics studied, based on silicon nitride (Si3N4 and
ONO), indicate that the trap presence in the nitride layer is detrimental
to the device correct operation. Nevertheless, a proper device design,
using ONO layers,may allow using the ONO “memory effect” to propose
new biosensors for the detection of DNA hybridization.
The development of biosensors based on the electrical transduction
of the biochemical signal look promising, thanks to their compatibility
with current technologies.
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